ABSTRACT Certain forms of Anopheles gambiae s.s. actively maintain malaria transmission in the driest areas and months of the year because of considerable drought tolerance. We monitored desiccation resistance of F 1 offspring of both the M and S forms of Þeld-collected An. gambiae s.s. Our results indicate that the geographic cline in the distribution of the two forms, as observed in Mali, corresponds to a physiological difference in response to arid environments. In addition, female mosquitoes survived signiÞcantly longer than males, enhancing the vector competence for the malaria parasite. Our study supports a genetic link to the drought tolerance phenotype, a phenotype with important consequences to malaria transmission in many places in Africa.
The An. gambiae complex includes the major vectors of malignant malaria in sub-Saharan Africa, a disease that causes up to three million deaths per year. Although most malaria transmission occurs during the rainy season and in humid habitats, some mosquitoes are capable of surviving and maintaining malaria transmission in dry savanna areas of Africa and during the dry season (Touré et al. 1996 , Charwood et al. 2000 , Simard et al. 2000 . Furthermore, evidence in recent years suggests current range expansion of An. gambiae s.l. both geographically and seasonally toward more arid climates (Touré et al. 1994, Onyabe and Conn 2001) .
Anopheles gambiae s.s. is comprised of several chromosomal forms that carry different strain-speciÞc combinations of chromosomal inversions. Various Þeld-based studies clearly showed that these forms have distinct patterns of seasonal and geographic distributions (Coluzzi et al. 1979 (Coluzzi et al. , 1985 Touré et al. 1994 Touré et al. , 1998 Bayoh et al. 2001) . The chromosomal forms have been named Mopti, Bamako, Bissau, Forest, and Savanna according to the regions from where they were Þrst collected. Detailed analysis of populations where multiple forms exist sympatrically showed that there is relatively little gene ßow between forms, with a strong preference for mating within rather than between forms (Taylor et al. 2001; Tripet et al. 2005; Wondji et al. 2002 Wondji et al. , 2005 . Touré et al. (1996 Touré et al. ( , 1998 have shown that the chromosomal forms are distributed along a geographic cline, as well as an inverse correlation of 2Rbc chromosome inversion frequency and precipitation. Mopti chromosomal forms are more prevalent in drier regions of Mali, whereas the Savanna and Bamako forms occur in more humid areas. Attempts to develop a molecular diagnostic for the chromosomal forms culminated in the recognition of two distinct sequences in the intergenic spacer region of the ribosomal DNA locus (Favia et al. 1997 (Favia et al. , 2001 Fanello et al. 2002) . A polymerase chain reaction (PCR)-restriction fragment length polymorphism (RFLP) technique is widely used to distinguish between individuals carrying one or the other of the ribosomal "alleles." These have been termed molecular forms of An. gambiae. There are two molecular forms, M and S, which in Mali correspond with the chromosomal forms (S ϭ Savanna or Bamako Form, M ϭ Mopti Form). Therefore, the M molecular form of An. gambiae s.s. is thought to have considerable drought tolerance compared with the S form.
A detailed physiological study of laboratory colonies of An. gambiae s.l. showed that An. arabiensis have signiÞcantly higher desiccation resistance than does the S form of An. gambiae s.s. (Gray and Bradley 2005) . The mosquitoes used in this study were from longstanding colonies maintained for many generations under stable laboratory conditions, including humidity. To capture more of the phenotypic and genotypic variation present in wild populations, we used the F 1 progeny of Þeld-collected An. gambiae for our study.
We performed desiccation assays on the F 1 adult offspring of female An. gambiae s.s. from the town of Selinkenyi in southern Mali. The goal of our experiments was to test the hypothesis that M molecular forms are more resistant than S forms. We compared the time of survival in arid conditions between M and S molecular forms and found M forms survived signiÞcantly longer than S forms and that female offspring survived longer than male offspring. In addition to the sex and molecular form being signiÞcant causes of observed phenotypic variation, we found a significant family effect. This study further suggests a genetic link with drought tolerance.
Materials and Methods
Sample Collection. Gravid females were collected in Selinkenyi, Mali (11Њ42Ј00Љ N, 8Њ17Ј00Љ W) where the M and S molecular forms occur in sympatry. Samples were collected in late August 2007 during the rainy season. Among 108 An. gambiae s.l. females brought to the laboratory from the Þeld, we successfully reared 30 families of An. gambiae s.s. Seven families were M form 2L a/a, 1 was M 2L a/ϩ, 20 were S form 2L a/a, and 2 were S form 2L a/ϩ. The number of F 1 offspring in each family varied from 3 to 30.
Desiccation Resistance Assay. F 1 offspring were reared to adult stage isolated per family. Desiccation resistance of individual offspring was measured using BradleyÕs standardized assay (Gray and Bradley 2005) . Four to six male and female adults per family were isolated into 8-dram glass vials. Cotton balls were place one third down the length to prevent mosquitoes from escaping and to avoid direct contact with the desiccant. After adding 5 ml of desiccant (Drierite; W. A. Hammond Drierite, Xenia, OH) to each vial, the vial was sealed with paraÞlm. Vials were held in an incubator at 28ЊC throughout the course of the experiment. Survival was checked at 30-min intervals for up to 91 h.
Species, Molecular Form, 2La Genotyping. The PCR assay described by Scott et al. (1993) was used to identify members of the An. gambiae species complex. Molecular form within An. gambiae s.s. was identiÞed using established methods (Favia et al. 2001 , Fanello et al. 2002 . 2La genotype was determined using a 2La diagnostic PCR proposed by White et al. (2007) .
Statistics. R software (R Project Contributors, 1997) was used for statistical test and drawing plots. Normality tests were done using Shapiro-Wilk normality test. Wilcoxon rank sum test was used for comparing two distributions of survival time. Kruskal-Wallis rank sum test was used to score the signiÞcance of four factors: molecular form, sex, family, and 2La genotype.
Results
The average and median time of survival under desiccant is provided in Table 1 . Among the 58 M form and 61 S form adults assayed, the average survival time for M form individuals was 22.2 h, whereas the average survival time for S form individuals was 17.6 h ( Table  2 ; Fig. 1a ). The Wilcox rank sum test showed that the M form individuals survived signiÞcantly longer in arid conditions than did the S forms (P ϭ 0.00092).
Mean survival time for all (both M and S) female mosquitoes was 22.4 h, whereas that of all male mosquitoes was 17.0 h (Table 2; Fig. 1b) . The Wilcox test indicated that female mosquitoes survived signiÞ-cantly longer than males (P ϭ 0.00018). The difference in mean survival time between M and S forms of both sexes (4.6 h) increased further (8.3 h) after considering sex. The distribution of survival times among M form females was far from normal (P ϭ 6.25 ϫ 10 Ϫ7 ), suggesting that some M forms are more tolerant in arid environments than others. Notably, of 29 M form females, there were 2 that survived Ͼ50 h under arid conditions (Fig. 2) . One was from family 3 and the other was from family 11 as shown in Fig. 3 . One particular female from family 11 survived 91 h and remained active until the experiment was terminated. Among 15 offspring from 2La heterozygous (aϩ) and 106 offspring from 2La homozygoous (aa) mothers, the average survival time for heterozygotes was 20.3 h, whereas the average survival time for homozygotes was 19.4 h (Fig. 1c) ; this difference was not signiÞcant (Wilcox test: P ϭ 0.8595). We were not able to test 2La ϩ/ϩ individuals because none were collected. Because of the high frequency of the 2La inversion, offspring of 2La heterozygous mothers are likely a mixture of 2La homozygotes and heterozygotes. The distribution of survival times among 15 offspring from 2La heterozygous mothers were normal (P ϭ 0.454). Because of the limited sample size of 2La combined with the normality of data, the offspring are less likely to contain 2Lϩ/ϩ individuals.
The result of Kruskal-Wallis rank sum tests are summarized in Table 3 . Results indicate that response by molecular form or by sex was signiÞcant. Which family an offspring originated from was a signiÞcant factor contributing to survival time in arid conditions, supporting a genetic basis of drought tolerance. 2La inversion genotype did not affect survival time. However, our sample is not suitable to make any conclusive remark regarding the involvement of the 2La inversion in drought tolerance.
Our experimental protocol prevented us from karyotyping the chromosome inversion of mothers or their offspring. The 2Rbc inversion is common in the M form but not Þxed. In Selinkenyi, the 2Rbc inversion is abundant and polymorphic as shown in Table 4 . The offspring we used for the drought tolerance experiments described in this paper are likely combinations of all three 2Rbc genotypes. We cannot rule out the possibility that the two female offspring, which survived 50 h or more, are 2Rbc homozygotes. Unfortunately molecular diagnostic tools to distinguish 2Rbc inversion are currently not available.
Discussion
Previous studies (Coluzzi et al. 1979 (Coluzzi et al. , 1985 Touré et al. 1994 Touré et al. , 1998 Bayoh et al. 2001 ) reported a geographic cline of molecular and chromosomal forms of An. gambiae s.s. in Mali. The results suggest that M molecular forms of this malaria vector are better adapted in drier parts of the country. Testing this hypothesis experimentally with the assay used here is not technically difÞcult; however, interpreting the results is confounded by the fact that laboratory colonies tend to lose genetic diversity signiÞcantly within a few generations and because some forms of An. gambiae s.s, notably those homozygous for the 2La ϩ/ϩ karyotype, are very difÞcult to establish and maintain in the laboratory environment. We addressed some of these problems by testing desiccation tolerance on F 1 offspring from Þeld-collected females. Our results conÞrm the common perception that M forms in Mali survive better in drier environments than do S forms. Interestingly, but perhaps not surprisingly, we did not Þnd signiÞcant difference in terms of survival under arid conditions between males of the two forms. Females survived better than male mosquitoes, irrespective of molecular form.
Female An. gambiae s.s. have been considered mostly monoandrous (Tripet et al. 2003) . Females store sperm in their spermatheca, which they use to fertilize eggs over their lifetime. Mosquitoes acquire malaria parasites after the Þrst blood meal taken from an infected person. Thus, malaria transmission can only occur after the second bite. The capacity of females, especially M form females, to survive in arid conditions is signiÞcant. Two of 29 M form females survived Ͼ50 h without food or water under arid conditions, and one of them survived and remained active for Ͼ90 h. This observation serves to show the high degree of vector competence in this form, even under dry season conditions. Numerous studies have suggested that the 2La chromosome inversion is associated with drought tolerance (Coluzzi et al. 1979 , Powell et al. 1999 , Coluzzi 1992 . Because of a lack of 2La standard genotypes in our samples, we cannot conÞrm or reject this hypothesis. Sampling in locations where 2La is highly polymorphic is advised for future studies. 2La standard genotypes are commonly found in other parts of Africa, such as Cameroon. Subsequent study of these genotypes may provide a genetic link between this autosomal marker and drought tolerance. Touré et al. (1994) have previously reported an association of the 2Rbc inversion and precipitation, indicating that the frequency of the 2Rbc inversion increases as precipitation decreases. The 2Rbc inversion is common in the M form but not Þxed. In Selinkenyi, the 2Rbc inversion is abundant and polymorphic as shown in Table 4 . To estimate the 2Rbc genotype of offspring used for desiccation resistance assay, karyotyping larvae would be the indirect but only available method for now. Alternative tools to identify the 2Rbc inversion would help elucidate the association of this inversion to drought tolerance. 
